Silicon used as active medium in solar cell production reflects a considerable part of solar light due to its high refraction index, especially when the light incidents not perpendicularly to its surface. Texturing of the surface can increase the solar energy coupling within an active medium. We present results of laser texturing of poly-Si solar cells surface by direct laser writing and novel Laser Beam Interference Ablation techniques. Solar cells with laser-modified surface were characterized by optical and Raman spectroscopy as well as photo-electrically. After laser texturing of polycrystalline silicon solar cells, reflection from their surface was reduced by up to 14%. Structural defects induced by laser irradiation and ablation decreased the lifetime of photo-generated charge carriers and they could not reach the p-n junction. Laser texturing of silicon substrate can be done using direct ablation by interfering laser beams. A reduction in the structure period was demonstrated by up to 3 times by sub-period shift of the workpiece between exposures.
Introduction
Light harvesting is becoming an important way for further progress to highly efficient solar-to-electricity convertors. The photon trapping structures on substrate, cell surface and inside active materials are being investigated intensively [1, 2] . They are based on interference, diffraction or resonant plasmonic effects. The efficiency of solar cells can be increased by reducing the reflection of solar light from the illuminated surface. Surface texturing is an efficient method to enhance the light absorption by multiple internal reflections. As a result, the light is absorbed in a close proximity to the p-n-junction.
There are two ways to modify the solar cell surface for trapping of the incident light. One way is the creation of randomly distributed pyramids by direct chemical etching in alkali solutions [3] . As the etching rate differs in various crystallographic directions, a pyramidal structure can be formed in mono-crystalline silicon solar cells. Unfortunately, this technique cannot work effectively on polycrystalline silicon wafers. On the other hand, alkali etching can cause undesirable fractures on the surface of the polycrystalline silicon solar cell [4] . Therefore, for texturing of polycrystalline silicon solar cells, the etching in acid solutions based on HNO 3 :HF [5] , mechanical etching using diamond edge [6] , reactive ion etching [7] and plasma etching [8] have been proposed. All of them have limitations in size and aspect ratio of texturing.
The other novel methods for texturing polycrystalline silicon (poly-Si) solar cells use laser ablation [9] . Lasers can produce surface structures which are able to trap photons [10] . PV efficiency of c-Si solar cells was increased by 2% when nano-hole matrixes were formed by a laser in anti-reflective Si 3 N 4 coating [11] . The effective area of organic solar cells was increased by texturing polymeric substrate using laser ablation with beam interference [12] .
We applied different laser texturing techniques to modify the surface of polycrystalline silicon solar cells with the purpose to increase absorption, angle acceptance and photovoltaic efficiency of the cells. Direct laser writing and Laser Beam Interference Ablation techniques were used for laser patterning. We discuss the influence of the laser process parameters on optical properties of the Si polycrystalline solar cells.
Experimental setups and procedures
Two laser techniques were applied for surface modification of polycrystalline silicon solar cells. Direct Laser Writing (DLW) is based on the use of a tightly focused laser bean to ablate material locally (Fig. 1) . Scanning with a galvoscanner was used to structure the whole surface of the sample. The second method was based on the formation of a periodical intensity distribution on a sample surface by using laser beam interference. This method is called Laser Beam Interference Ablation (LBIA). The laser beam was split into 3, 4 or 6 beams and combined back by an optical setup made of two lenses (Fig. 2) [13, 14] or a special setup with symmetrically arranged mirrors [15] . Diverging beams after passing a diffractive optical element were collected back together by the mirrors fixed permanently on a precisely machined metallic holder. The convergence angle of the beams was fixed by the holder design. With the mirror setup, a period of structuring as small as 600 nm was achieved using a 532 nm wavelength. When analyzing data from our small solar farm on the roof of our laboratory building with fixed mono-and polysilicon solar panels of the same size we were surprised to see that poly-Si modules even with an efficiency lower by 0.6% generate 1-2% more photo-electricity than mono-Si of the same module size in Lithuania where clear sky and direct sun illumination is not dominating. Rising & falling trajectory of the sun corresponds to electrical power generated by the PV modules, and polycrystalline material possesses better angle acceptance for illumination. Therefore, poly-Si cells have been selected as research object in order to improve absorption and PV characteristics of the cells.
The experiments were performed on the commercial polycrystalline silicon solar cells with an area of (15x15 cm 2 ) and an average PV efficiency of about 14%. At the initial stage of the experiments, wafers were laser-cut into 1x2 cm 2 samples. When proper regimes of structuring were selected, the whole surface of a cell was structured as follows ( Fig. 3 ):
 DLW: 12 lines scanned between contact grid, distance between scanning lines was 100 μm.
 LBIA: 3 lines scanned between contact grid, distance between scanning lines was 575 μm. Characterization of the laser modified surfaces was performed using Raman spectroscopy as well as absorption and reflection measurements. Raman spectra were investigated using an inVia Raman spectrometer-microscope (Renishaw, UK) using gratings with 1800 and 2400 lines/mm and a CCD detector cooled by liquid nitrogen. Excitation was performed by a He-Ne laser at 633nm. Excitation power at the sample surface was 1 mW. A 50x objective and an accumulation time of 100 s were used during Raman spectra registration. Parameters of the lines were evaluated using GRAMS spectral analysis and GaussLorentz approximation.
As silicon has strong absorption in the spectral range of 250-900 nm, there is no direct possibility to measure optical transmission. Therefore, the reflection was measured by an ellipsiometric method using polarized light. Optical investigations were performed using VASE (RG-2) photometric spectrometer (J.A. Woollam Co, USA) in the spectral range of 200 nm to1700 nm. The experimental results were analyzed in approximation of pseudo-dielectric function for isotropic media. If an incident angle is equal to , the complex reflection coefficient  can be expressed as:
here  and  are the ellipsometric parameters.
Measurements were performed at the incident angle  75 o . Ellipsometric parameters were measured in the ranges of  45.00.05 o and   01800.1 o . Using experimental data of  and , the real part ( 1 n
-k
2 ) and imaginary part ( 2 2nk) of the refraction index were calculated and used to find the reflection and absorption coefficients:
with  being the wavelength.
Diffuse reflectance was studied by means of the Shimadzu UV-VIS-NIR Spectrophotometer UV-3600 coupled with the MRC-3100 unit. Measurements were performed by mounting a sample holder onto the integrating sphere.
The measurable range of wavelengths is between 240 nm and 2600 nm covering the UV, visible and the near infrared regions. In the integrating sphere, one beam strikes the sample normally to the surface while the other beam strikes aslant. From the diffuse reflection coefficient the light absorbance was calculated using the Kubelka-Munk theory [16] .
Patterning of poly-Si solar cells using focused laser beam
Direct laser writing with a galvoscanner is an easy way to texture materials by a focused laser beam when the period of a structure is much larger than the wavelength. Texturing of the cell surface was performed by scanning over its surface and irradiating every 250 µm (period). The laser pulse energy and the number of laser pulses per spot were varied during the texturing experiments. When a high number of laser pulses was applied, the protective layer of SiN x was ablated and a microstructure was self-organized within the spot area as shown in the optical and scanning electron microscope (SEM) images in Fig. 4 . The reflection and absorption properties of lasermodified surfaces were evaluated by ellipsometric methods, and the alteration in the chemical composition was controlled by electron dispersion spectroscopy (EDS). Raman scattering measurements were performed on some samples to investigate the crystalline structure of the silicon surface. Fig. 5 presents an example of the ellipsometric measurement results when real and imaginary parts of the dielectric function were evaluated from experimental data. Fig. 6 presents the absorption and reflection spectra of laser-modified solar cells. After laser irradiation, the surface reflection in the "blue" spectral part (<480 nm) was reduced from 26  to 12 , but it increased in the red part of visible spectrum. Laser texturing of this kind had the strongest influence on the cell absorption of around 600 nm. The reflection from the poly-Si solar cell surface was reduced in the short-wavelength range, and a small increase was observed in thelong-wavelength part. Most of those modification was related with damage of anti-reflecting passivation layer of SiN x .
Texturing of poly-Si solar cells using ns-LBIA
A surface structure with desired period can be easily made using a few interfering laser beams. We performed experiments with lasers of different pulse duration in texturing the surface of poly-Si solar cells.
This section presents results achieved using laser beam interference and nanosecond-pulsed lasers. As the laser beam is not focused in LBIA technique, depending on the pulse energy available from the laser, plenty of pulses were applied to the same location on a sample to achieve a visible modification of the cell surface. Those visible modifications were related to self-organization of material under laser irradiation independent of the interference period as shown in Fig. 7 .
15 000 pulses 65 000 pulses The influence of laser patterning parameters on the optical properties of polycrystalline silicon photovoltaic cells was also investigated by optical and Raman spectroscopy. Even with a low number of laser pulses applied, when no visible modification of the surface appeared, alterations in the diffuse reflection spectra were observed (Fig. 8) . These changes in reflectivity were dependent on the number of laser pulses used to expose a single area with maximal effect at about 100 laser pulses (Fig. 9) . Raman spectroscopy is a non-destructive method for the qualitative and quantitative investigation of crystallinity of silicon in solar cells, thermal and surfaces strains [17] [18] [19] [20] . Crystalline Si has characteristic vibration modes which appear in Raman spectra as a line at 300 cm -1 , the narrow and intensive line at 520 cm -1 and an overtone at 940 cm -1 [21] . Distortions in the lattice of silicon change bonding strength between atoms and amorphous Si has a characteristic Raman line at 480 cm -1 [22] [23] [24] . The intensity ratio of 520 cm -1 and 480 cm -1 Raman lines I 520 /I 480 is often used as a measure of degree of silicon crystallinity [25] . A shift of the 520 cm -1 line and its asymmetric broadening was observed with a decrease in crystallinity of silicon due to laser irradiation [26] [27] [28] [29] [30] .
Polycrystalline Si solar cells covered by SiN x were treated by an interference field of three laser beams by variation of pulse energy and pulse number. Fig. 10 presents alterations in the Raman spectra, when the number of pulses per spot was increased from 10 to 65000. The line at 520 cm -1 was broadened and its contour became asymmetric. The Raman line shifted to the lowenergy side when a larger number of laser pulses was applied (Fig. 11 ). An appearance and increase in intensity of the 480 cm -1 line evidenced in an amorphous silicon formation due to laser irradiation by a high number of laser pulses. This indicates on structural modifications in the base material of solar cell -crystalline silicon. When a low number of pulses (<250) was applied, crystalline structure of Si was preserved (Fig. 12) .
In general, such texturing with nanosecond lasers led to an increase of the absorption in a broad spectral range, but according to photo-electrical characterization, the p-n junction was destroyed. However, the method can be useful for texturing Si substrates before doping.
Texturing of poly-Si solar cells using ps-LBIA
Picosecond lasers with shorter pulse duration produce less thermal defects during laser ablation. This section presents results of laser texturing by ps-LBIA with a high-pulseenergy laser and 4-beam interference (period 2.5 µm). The whole surface of a cell was structured; 3 lines were scanned between all contact grids. The distance between the scanning lines was 575 μm. Fig. 13 shows SEM images of a laser-untreated poly-Si solar cell and after a "gentle" treatment when surface modification appeared only in the SiN x layer. No changes appeared in the "native" chemically etched texture of the silicon cell itself, but small white dots indicate modifications in the anti-reflecting layer of SiN x .
Additional features on the cell surfaces with the size comparable with the wavelength of visible light should affect the light propagation in close vicinity to the cell surface. Therefore, diffuse reflection of the poly-Si solar cells textured by ps-LBIA using a different number of laser pulses per exposure area was examined. Spectra of the cells, laser textured by an interference field of 4 beams with a period of 2.5 µm and a common pulse energy of 375 µJ are presented in Fig. 14 . The irradiation per spot was varied from 1 to 2500 laser pulses. The reduction of diffuse reflection was most prominent in the UV spectral part (<400 nm) while it increased in the range from 400 to 750 nm.
The specular reflection of textured structures at different angles of light incidence was studied in the spectral range from 400 to 1200 nm by using an ellipsometric setup. The laser textured samples show a much lower reflectivity in the UV than in the IR range. At long wavelengths the specular reflection increases at angles of incidence exceeding 60 o . The absorption coefficient was evaluated from the ellipsometric measurement data. The most significant modifications in the absorption spectra of the cells were found in the spectral range of 400-1100 nm (Fig. 15) . Changes appeared to be not monotonic dependent on the laser irradiation dose (the number of laser pulses per area). The large number of pulses (more than 10) reduced the absorption by up to 35% probably due to melting of the silicon surface. When the surface of the cell was irradiated by only a few laser pulses per area, an increase in absorption by up to 9.5% was observed close to the 500 nm wavelength. Such a "gentle" texturing of the cell surface has a positive effect on coupling of solar light within a solar cell. As the modification in absorption was maximal at the wavelength of 500 nm, more detailed research was performed on the influence of the irradiation dose (pulse number) to the absorption of the cell. Fig. 16 . presents the results. No or a positive laser texturing effect was when the irradiation dose did not exceed 75 pulses per interference area (@ 375 µJ and a spot diameter of 500 µm). Rapid reduction in absorption took place after irradiation by 75 to 500 laser pulses per area and remained stable at a low level with further increase of the pulse number. This change in absorption characteristics reflects the modification in the silicon substrate. This was confirmed by photo-electrical investigations of the laser textured cells.
The volt-ampere characteristics of poly-Si solar cells textured by lasers were measured using a solar imitator and are presented in Fig. 17 . For comparison, photovoltaic characteristic of a solar cell non-treated by a laser is presented also in black. The changes in photo-electrical characteristics exhibit shunt formation during laser texturing of a complete polySi solar cell. The shunts could be due to current leakage through a damaged passivation layer.
In order to minimize negative influence of laser texturing to photovoltaic characteristics, a reduced laser pulse energy should be used in texturing, reducing the thickness of the defective layer. It is known, that defective layer was as deep as 80 µm when polycrystalline silicon was textured by Nd:YAG laser pulses with an energy of 3.3 mJ focused into a spot of 20 µm [31] .
Texturing of Si substrates by fs-LBIA
As the surface texturing of complete solar cells by lasers is a rather difficult task with hardly predictable results, a part of experiments are dedicated to the texturing of silicon substrates and metallic film on silicon using LBIA technique with a high-pulse-energy femtosecond laser. Textured substrates are intended to be used in solar cell formation by doping and p-n junction formation.
6-beam interference and a high pulse energy (up to 6 mJ) at a pulse duration of 150 fs were applied to a crystalline Si wafer of a thickness of 0.35 mm. The optical setup was arranged for a 2.5 µm period. The modification area per exposure varied depending on the laser pulse energy and the number of pulses applied (Fig. 18) . The ablation process intensified with the irradiation dose and thea shape of the holes in the substrate increased providing narrow walls between them. Small holes were growing into deep valleys with an increasing exposure (pulse number multiplied by pulse energy). Narrow hills remained in places where minima in the interference field distribution existed. At a certain exposure dose, ripples with a period of 250 nm are formed on the bottom of the holes.
In order to get a uniform texturing whole surface of the Si substrate, a rectangular mask was used to cut the interference field, and a stepper-wise patterning was extended over the whole substrate surface. Stitching of the exposure areas did not have any remarkable effect on the properties of textured surfaces (Fig. 19) . In order to control the period of texturing by interfering laser beams, the experiments were extended by additional precise positioning of the samples without any optical adjustment. A sub-period shift of the workpiece relative to the interference field distribution in different directions (Fig. 21 ) was applied. A step for a shift was a fraction of the period. Structures with a reduced period 2-3 times smaller than the period of interference can be produced in the whole range of the used process parameters. Reduction of the period by 4-5 times leads to asymmetric and defected structure. Pulse energy -2.4 mJ.
Conclusions
The influence of laser texturing on the structure and optical properties of solar cells has been investigated. After laser texturing of polycrystalline silicon solar cells, the reflection from their surface was reduced by up to 14%. However, at the same time, the efficiency of the devices was reduced due to a quite deeply defected layer. Structural defects induced by laser irradiation and ablation decreased the lifetime of photo-generated charge carriers, and they could not reach the p-n junction. This caused a reduction of the photo-voltaic efficiency.
Investigations on Raman scattering confirmed the changes in the crystalline structure of silicon when highenergy laser pulses were applied.
For laser texturing of silicon substrate it is possible to use direct ablation by interfering laser beams. Reduction in the structure period was demonstrated by up to 3 times by a sub-period shift of the workpiece between exposures. The laser textured substrates can be used for the formation of solar cells. 
